We have undertaken studies to identify amino acid residues that are involved in the catalytic mechanism of argininosuccinate synthetase [L-citrulline:L-aspartate ligase (AMP-forming), EC 6.3.4.51 and have found that a cysteine residue and an arginine residue are required for activity. The reactive cysteine residues are accessible to solvent and available to react with 5,5'-dithiobis(2-nitrobenzoic acid) (DTNB). Four cysteine residues, one per subunit, are shown by enzymatic assay to be required for catalytic activity, suggesting that a reactive cysteine lies within the active site of argininsuccinate synthetase. In the presence of sodium dodecyl sulfate, 12 cysteine residues react with DTNB; consequently, all of the half-cystine residues in the native enzyme are present in the reduced sulfhydryl form. We also present evidence for the participation of arginine groups in the binding of ATP and PP1. Argininosuccinate synthetase [L-citrulline:L-aspartate ligase (AMP-forming), EC 6.3.4.5], one of the five enzymes participating in the biosynthesis of arginine and urea, catalyzes reaction 1 by a mechanism involving activation by ATP (discussed in a later section). ATP + citrulline + aspartate " argininosuccinate + AMP + PP,.
residue and an arginine residue are required for activity. The reactive cysteine residues are accessible to solvent and available to react with 5,5'-dithiobis(2-nitrobenzoic acid) (DTNB). Four cysteine residues, one per subunit, are shown by enzymatic assay to be required for catalytic activity, suggesting that a reactive cysteine lies within the active site of argininsuccinate synthetase. In the presence of sodium dodecyl sulfate, 12 cysteine residues react with DTNB; consequently, all of the half-cystine residues in the native enzyme are present in the reduced sulfhydryl form. We also present evidence for the participation of arginine groups in the binding of ATP and PP1.
Modification of argininosuccinate synthetase with [14C]-
phenylglyoxal results in incorporation concomitant with loss of catalytic activity of 4 mol of phenylglyoxal per mol of native enzyme (one arginine per active site). ATP and PPI protect the enzyme from phenylglyoxal incorporation. Based on these results, we propose that the essential arginine in the active site participates in the binding of ATP and PP1. The binding of ATP and PPI at the same site is mutually exclusive; this exclusion is in accord with the fmding that aininosuccinate synthetase has one reactive arginine residue per active site per subunit. This is consistent with our previously proposed reaction mechanism.
Argininosuccinate synthetase [L-citrulline:L-aspartate ligase (AMP-forming), EC 6.3.4.5] , one of the five enzymes participating in the biosynthesis of arginine and urea, catalyzes reaction 1 by a mechanism involving activation by ATP (discussed in a later section).
ATP + citrulline + aspartate " argininosuccinate + AMP + PP,. [1] The native synthetase of Mr 185,000 is composed of four subunits of M, 46 ,250 that are identical in size and electrophoretic mobility (1) . Little is known concerning the activesite region or the amino acid residues involved in the binding of the six substrates and products of the enzyme. In the present work we have carried out studies on the modification of cysteine and arginine residues of the enzyme to elucidate catalytic function, structure, and mechanism.
Argininosuccinate synthetase has been isolated from bovine (1), rat (2) , and human (3) liver. The physical properties and amino acid composition ofthe enzyme from three species are similar. The human gene encoding argininosuccinate synthetase has been cloned and the nucleotide sequence has been determined (4). The synthetase is subject to genetic mutation in humans; clinical symptoms become evident neonatally at a rate of 53 new cases annually (5) . Knowledge of the critical amino acid residues involved in catalysis is important in characterizing the genetic lesions. The identification of active-site residues is also valuable in the design of in vitro site-directed mutagenesis of the human enzyme.
We report here the results of modification studies undertaken to ascertain the role of reactive cysteine and arginine residues. Our results show that cysteine and arginine are essential for catalytic activity and thus lie within the active site. The role of specific arginine residues in binding ATP and PP1 is supported by substrate protection experiments. Protection by ATP and PP1 indicates that arginine residues function in the binding of ATP and PPj. The number of arginine residues bound suggests that ATP and PP, probably bind at the same site, thus promoting the successive step catalysis.
MATERIALS AND METHODS Materials. Argininosuccinate was prepared as described (6, 7). 5,5'-Dithiobis(2-nitrobenzoic acid) (DTNB) was purchased from Pierce, phenylglyoxal monhydrate was from Aldrich, and [7-14C] Preparation of Argininosuccinate Synthetase. The bovine liver enzyme was purified to homogeneity as described by Rochovansky et al. (1) . Crystals spun down from (NH4)2SO4 solution were dissolved (10 mg/ml) in 50 mM Tris HCl (pH 7.9) containing 2 mM argininosuccinate, 2 mM mercaptoethanol, and 1 mM EDTA and were stored at -70TC in divided portions. The specific activity of the enzyme was 290 units/mg (1, 8) . For use in the modification studies the enzyme was desalted as described below.
Enzyme Assay. The formation of AMP at 24.50C was coupled to NADH oxidation (AMP:NADH ratio, 1:2) through adenylate kinase, pyruvate kinase, and lactic dehydrogenase, which also provide an ATP-generating system (1, 9) . The change in absorbance at 340 nm was recorded with a Zeiss PMQII spectrophotometer. Specific activity, expressed as umol of product formed at 380C/hr per mg, was calculated as described (10) , by using a temperature-correction factor (for converting 24.50C to 380C) of 2.35. Protein determined from absorbance at 280 nm was calculated from the A%-190t value of 1.48 (8) . The specific activity of the homogeneous enzyme was thereby increased to 290 (8) . *To whom reprint requests should be addressed.
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. spun column technique described by Penefsky (11) . The enzyme (<1.3 mg in 200 1.l) was applied to a packed column (0.7 ml) of Sephadex G-50, medium, previously equilibrated with 50 mM Tris HCl (pH 7.9) containing 2 mM argininosuccinate, 2 mM mercaptoethanol, and 1 mM EDTA and was centrifuged 2 min at 1400 rpm. The recovered volume was recorded. A second desalting was carried out similarly, except argininosuccinate was omitted. The eluates from several columns were pooled, protein was determined from absorbance at 280 nm, and then the pooled enzyme was min. The reaction was quenched by removing phenylglyoxal; the sample was placed on a packed Sephadex G-50, fine, column equilibrated previously with 30 mM Tris HCl (pH 7.5) and centrifuged as described above. Protein was determined by the Lowry method (12), 14C was assayed by liquid scintillation spectroscopy, and enzymatic activity was assayed as described above.
Determination of -SH Groups by Titration with DTNB. For DTNB titration of cysteine residues the enzyme was desalted once on a packed column equilibrated with 7.4 mM sodium phosphate (pH 8.0) in the absence of protectors. In general, titration conditions were as described by Lusty and Ratner (13) . The reaction mixture, in a final volume of 0.4 ml, contained 7.4 mM sodium phosphate (pH 8.0), 2 mM EDTA, and 2 mM DTNB. The reaction (25°C) was initiated by adding enzyme. The absorbance at 412 nm was read on the reaction mixture, the reagent blank (enzyme omitted), and the enzyme blank (DTNB omitted) against the buffer (DTNB and enzyme omitted).
RESULTS
Cysteine Residues of Argininosuccinate Synthetase. Amino acid analysis showed that the enzyme contains 12 or 13 half-cystine residues per 185,000 g of protein (7) . In the present studies, we have determined the number of free -SH groups by titration with the specific reagent DTNB. When argininosuccinate synthetase was titrated with DTNB in the presence of NaDodSO4, the reaction came to 99% completion in 10 min and 12 cysteine residues per mol of enzyme were found (data not shown). These results indicate that all half-cystine residues are present in the reduced sulfhydryl form.T When the synthetase was titrated with DTNB in the absence of NaDodSO4 only four of the -SH groups reacted with the reagent (Fig. 1) . These four cysteine residues proved to be essential for catalytic activity. The data in Fig. 1 show a time-dependent loss of activity in proportion to the number of -SH groups bound by DTNB. Since the native enzyme is a tetramer, these results are consistent with one essential cysteine residue per subunit and suggest four active sites. The four essential -SH groups of the native enzyme react slowly (30 min) with DTNB. The slow rate of reaction is consistent with the location of the cysteine within an activesite groove. This interpretation of the slow titration rate observed with the native synthetase contrasts with the DTNB titration kinetics of argininosuccinase (argininosuccinate lyase, EC 4.3. in 2-3 min. None of the 4 is required for catalytic activity and is presumed to be located on the surface of the enzyme (13) .
Distribution of -SH Groups. In addition to the essential sulfhydryl residue, each subunit has two other cysteine residues. In the native enzyme the four pairs are unavailable to DTNB and only become available in the presence of NaDodSO4. These cysteine residues may be buried at subunit bonding sites and hence become exposed upon dissociation and/or unfolding of the protein (14) . It is of interest to note that the synthetase from rat liver described by Saheki et al. (2) resembles the bovine argininosuccinate synthetase in that four cysteine residues interact with DTNB with concomitant loss of catalytic activity.
Role of an Essential Arginine Residue at the Active Site of Argininosuccinate Synthetase. As a result of studies on the mechanism of the reaction catalyzed by argininosuccinate synthetase (1, 14, 15) , the condensation of citrulline with aspartate is visualized as proceeding in a sequential manner (reactions la and lb).
Citrulline + MgATP2-; citruiline-AMP2-+ MgPP,2-+ 2H+.
Citrulline-AMP2-+ aspartate i± argininosuccinate + AMP2-.
[la]
[lb] Considerable evidence, including the results of experiments with [ureido-180]citrulline (14) and 32PP,-ATP exchange (14) , substrate-level enzyme together with citrulline and ATP (15), and pulse-quench studies with [14C]citrulline and ATP (15) , supports the formulation given in reaction la. As depicted in reaction la, citrulline is activated by ATP so as to form the intermediate, citrulline-adenylate (assigned the isoureido phosphoadenosine structure), tightly bound to the enzyme and enzyme-bound PPj. In reaction lb the a-amino group of aspartate condenses with the isoureido group of citrulline to form argininosuccinate as PPj and AMP are released. Thus, the three substrates must be present together for argininosuccinate formation to proceed. We have proposed that PPj binds more tightly in the absence of aspartate than in its presence tOur previous suggestion (1) that the enzyme consists of two subunits linked by disulfide bonds has not been borne out.
Proc. Nati. Acad. Sci. USA 82 (1985) and that aspartate, to condense with the isoureido linkage of citrulline, produces a conformational change in the PP3 binding site. However, the affinity of PPj in the presence of aspartate is still fairly high (Ki = 3 x 10-5 M). This would explain the dependence of reaction progression (catalytic turnover of activated citrulline) on the presence of PPjase (15) . We therefore wished to further clarify quantitative aspects of binding of ATP and PP1 to the synthetase.
Mounting evidence supports the essential role of reactive arginine residues in binding anionic cofactors and substrates to active sites of several classes of enzymes. NADP binding at specific arginine residues has been shown for several dehydrogenases (16, 17) and kinases (18) (19) (20) (21) . Similar evidence for essential arginine residues has been reported for two synthetases (22) and for the aspartic and ornithine carbamoyl transferases (23, 24) .
It was of interest to examine, through the use of phenylglyoxal, the possibly essential arginine residues in argininosuccinate synthetase. The reagent forms an adduct with a specific arginine residue of the enzyme, thus blocking the substrate binding site with concomitant loss of catalytic activity. When native argininosuccinate synthetase was exposed to phenylglyoxal, complete loss of activity was observed (Fig. 2) . The rate of inactivation of the synthetase by phenylglyoxal increases with the concentration of reagent according to pseudo-first-order kinetics (Fig. 2) . A few exploratory protection experiments were performed by direct assay to assess the specificity of phenylglyoxal. We found that protection by MgATP was concentration dependent and also that addition of 4 at a rapid rate, which changes to a secondary, slower rate. Data in Fig. 3 , curve A, have been replotted in Fig. 4 glyoxal to arginine residues show phenylglyoxal to be highly selective toward the active-site arginine of the synthetase. . The values are taken from Fig. 3, curves A For a number of the enzymes with functional arginine residues-as, for example, aspartic and ornithine carbamoyl transferases (23, 24)-a stoichiometry of 2:1 for the phenylglyoxal:arginine adduct has been reported, in keeping with the findings ofTakahashi (25) . However, creatine kinase incorporates only one phenylglyoxal per arginine residue modified per subunit (21) and the same 1:1 stoichiometry has been observed for yeast hexokinase (19) and for 3-phosphoglycerate kinase of yeast (20) . We have not attempted to determine a change in the total number of arginine residues after modification as the difference (1 of a total of 21 residues per subunit) is close to the limit of accuracy of the analytical methodology.
ATP and PP1 Protection Against Phenylglyoxal Modification, ATP and PPj each protected the enzyme about 40% against phenylglyoxal modification ( Fig. 3 and 5 ) at 4 mM MgATP and 1 mM MgPP1. These concentrations were about lOx the Km for ATP (15) and lOx the Ki for PPj (15 It is pertinent to bear in mind that the a, 8 cleavage of ATP also confers a thermodynamic advantage. The AP' at pH 7.5 of ATP hydrolysis at the a, 8 pyrophosphate position is several kilocalories more negative than cleavage at the 'y position (taking Mg complexing into account) (9) . Thus, a mechanism involving transadenylylation from ATP is energetically more favorable than one involving transphosphorylation. Since PP1 is the product of reaction 1 and PPjase is highly active in many tissues, it can be assumed that the synthetase reaction is driven in vivo by two high-energy phosphate bonds, thereby conferring a second thermodynamic advantage.
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